
perfusion agent. Since the publication of the first study on
@â€œTc-MIBIuptake in breast cancer in 1992 (2), there has

been continued interest in the evaluation of breast cancer
using this radiopharmaceutical agent. Various groups have
reported the clinical usefulness of @Tc-MIBIscintimam
mography. In particular, @â€˜Tc-MIBIscintimammography
hasbeen usedto detect tumors in patients with densebreasts,
to evaluate chemotherapeutic response, and to predict multi
drug resistance (3â€”6).Cellular accumulation of @Tc-MIBI
has been shown to correlate with the level of P-glycoprotein
expression. P-glycoprotein, a product of the mdr gene, is
well known to actively expel @Tc-MIBIfrom tumor cells
through an efflux pump using adenosine triphosphate (5,7â€”
9). However, only a few studies have evaluated the accumu
lation and distribution of@Tc-MIBI within tumors negative
for P-glycoprotein.

Angiogenesis is an important process in the proliferation
and metastasis ofbreast carcinoma (10â€”13),and immunohis
tochemically determined microvessel density has been used
asa prognosticindicatorof breastcancer(11â€”13).However,
to our knowledge, the correlation between angiogenesis and
the magnitude of tumor @Tc-MIBIuptake has not been
evaluated.

Our aim was to evaluate intratumoral accumulation and
distribution of @Â°@Tc-MIBIand to compare it with either
2-deoxy-D-[1-@C]-glucose (@C-DG) or FDG using 3 animal
models of breast cancer. We also investigated the effects of
irradiation on @â€˜@Tc-MIBIuptake and evaluated the correla
tion between microvessel density and @Tc-MIBIuptake.

MATERIALS AND METHODS

Tumor Growth Study
The experimental protocol was approved by the Laboratory

Animal Care Committee of Tohoku University. Female 6-wk-old
C3H/He or DDYmice received in theirleft thighs 0.l-mLsubcutane
ous injectionsof a suspensioncontainingbetween0.5 X 10@and
1.5 X l0@cellsof syngeneicmousebreastcancermodelsof FM3A,
MM48, and Ehrlich. The solid tumors were measured daily using
vernier calipers. The product of the 3 principal diameters of each
tumor was designated as tumor volume. Irradiation was performed
when the tumor diameter reached approximately 10 mm. The mice
were anesthetized with an intraperitoneal injection of 1 mg sodium

The aims of this study were to evaluate the distribution of
99mTcmetho@yisobutyIisonitrile(MIBI) in 3 animal models of
breast cancer, the effect of radiotherapyon @Tc-MIBluptake,
and the relationship between uptake and microvessel density.
Methods: We used syngeneic,subcutaneouslytransplanted
FM3A,MM48,and Ehrlichmousebreastcancer. @mTc-MlBland
FDG were injected intravenously, and tumor uptake was mea
sured 30 mm later. Double-tracermacroautoradiography(ARG)
images were prepared with @mTc-MlBland 2-deoxy-D-[1-14C]-
glucose (14C-DG),analyzed quantitatively,and compared with
histology.The radiotherapeuticeffectsof 20 Gy x-ray irradiation
were monitoredby measuringtumor volume, tumor uptake,and
ARG findingsusing @mTc-MlBland FDG in FM3A tumors.
Microvessel density was quantified by immunohistochemical
staining for CD34 and compared with ARG using @Tc-MlBlin
FM3A tumors. Results: FM3A, MM48, and Ehrlich tumors
showeddifferentgrowthratesand radiosensitivities.Uptakeof
FDG, but not of @Tc-MlBl,correlated significantlywith growth
rates. Comparedwith 1@C-DG, @Tc-MlBlaccumulatedmore in
cancer cells and less in infiltratingfibroblastsand macrophages
in alltumor models.Irradiationsignificantlydecreased @mTc-MlBl
uptake, but a rapid increasewas noted at recurrenceon day 7.
Changes in FDG uptake were not significant at recurrence.
Microvesseldensity in tumor tissue correlated significantlywith

@Tc-MIBIuptakeon ARG. Conclusion: Accumulationof @Tc
MIBI in cancercells is preferentialandcan be usedas a sensitive
marker to examine the responseto radiotherapy.Angiogenesis
seems to enhanceaccumulationof @Tc-MlBlin tumors.These
characteristicsmay be favorablefor tumor imaging using @Tc
MIBI.

Key Words: 99mTc-methoxyisobutylisonitrile;deoxyglucose;
breast cancer; autoradiography; microvessel
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reast cancer is the leading cause of death among
women in developed countries, and the incidence of breast
cancer remains high (1). 99mTc@methoxyisobutylisonitrile
(MIBI) is a tracer that is widely used as a myocardial
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pentobarbitalandthenwerepositionedwith adhesivetapeto place
the tumor-bearing thigh in the field of irradiation. The other parts of
the body were left outside the field (14). Tumors were exposed to a
single dose of 20 Gy x-rays (150 kV, 20 mA) using experimental
irradiationequipment(MBR-1520R,HitachiMedicalCo.,Japan)
at a rate of 1.50 Gy/min (at 65-cm sourceâ€”skindistance and 1-cm
depth) with a 1-mm aluminum filter to remove low-energy x-rays
and to homogenize the dose distribution. Nonirradiated tumors in
mice that were handled in the same manner were used as controls.
Eight irradiated mice and 8 nonirradiated mice were used for the
tumor growth study.

Tumor UptakeStudy
The FM3A, MM48, and Ehrlich tumor uptake study was

performed when the volume of each tumor was approximately
1000 mm3(approximately 10mm in diameter). Seven mice bearing
tumors in both thighs were used for each type of tumor, for a total
of 21 mice. After the mice had fasted for 6 h, 555 kBq (15 pCi)
FIXI (radiochemical purity > 99%) and 740 kBq (20 pCi)

@â€œTc-MIBI(Daiichi Radioisotope Laboratories, Tokyo, Japan)
were mixed in 0.25 mL saline and injected through the lateral tail
vein. FDG was synthesized using an automated system (15). Thirty
minutes later, the mice were killed by an overdose of anesthesia.
Tumor samples were quickly dissected, excised, and weighed, and
â€˜8Fwasmeasuredbyanautomated-yscintillationcounterwitha
windowof450-.600keVjustaftersampling.No @Tcradioactivity
spilled over to the window of â€˜8F.Twenty-four hours later, when â€˜tF
(half-life, 109.7 mm) had decayed to 0.01%, @mTcwas measured
with a window of 70â€”180keV. @â€œTcwas counted without
contamination of 8Fradioactivity at that time. Tumor radioactivity
was expressed as percentage injected dose (%ID) per gram, which
equals ([tissue counts per minute/tissue weight in grams]/injected
dose counts per minute) X 100.

We did not estimate the expression of tumor radioactivity per
unitofbody weight,becausethe6-wk-oldfemaleC3HIHeandDDY
mice were handled in the same manner and were of similar body
weight.

Double-Tracer Macroautoradlography
Approximately 10 d after tumor cell transplantation, C3HIHe

mice with FM3A and MM48 tumors and DDYmice with Ehrlich
tumorsreceivedintravenousinjectionsof amixtureof 111MBq (3
mCi) @â€œTc-MLBIand 370 kBq (10 pCi) l4f@4@CJ(American
Radiolabeled Chemicals, Inc., St. Louis, MO). The specific activity
was 2.04 GBq/mmol, and the radiochemical purity was more than
99%.Inpreliminarystudies,wedeterminedthelinearcorrelation
between the radioactivity and the autoradiographic density of

@â€˜Tc,a pure -yemitter, and selected 111 MBq per mouse as the
injection dose for macroautoradiography (ARG). A linear relation
ship between the density on ARG and the actual radioactivity has
been reported for @C(16) using the same ARG experimental
system. In this study, ARG was performed within the confirmed
range of linearity.

The mice were killed by an overdose of chloroform at 30 mm.
This time point was determined through a time-course tissue
distribution experiment. The tumors were dissected and embedded
in a frozen block with a medium (O.C.T. compound; Miles Inc.,
Elkhart, IN), and the sample blocks were sectioned on a cryostat at
â€”25Â°C(16,17). Sections (10 pm thick) were mounted on clean
glass slides, air dried, and placed in direct contact with ARG films
(BioMax MR; KOdak, Rochester, NY) for 6 h to produce @â€œTc
MIBI images. Three days later (approximately 12 half-lives of

@â€œ@Tc),when @â€œTchad decayed, the same sections were placed in
contact with other films for 7 d to produce â€˜4C-DGimages. Sections
on the slides were stained with hematoxylin-eosin and examined
under an optical microscope.

Analysis of ARG
Intratumoral distribution of 2 tracers within the same sections

was analyzed using coregistered double-tracer ARG images and
image analysis software (Win ROOF, version 3.21; Mitsui Corp.,
Fukui, Japan). ARG images were computerized using a charged
coupled device camera system (FUJI HC-300/OL; Fuji Photo Film
Co., Tokyo, Japan), then stored as 1280 X 1000 pixel 8-bit images
(256 gray scale). Intratumoral tissue components were covered
with a square region of interest (ROl) ranging from 0.5 X 0.5 to
2.0 X 2.0 mm for comparative histology. Quantitative evaluation of
ARG was performedby measuringthe optical density in the ROIs
after background subtraction. This measurement was followed by
analysis of the regional radioactivity of the 2 tracers in the same
ROIin the same section.

FDG Uptake Study and @â€œTc-MlBlAfter Irradiation
We used the FM3A tumor for this study. Four groups, each

containing 6 mice, were administered FDG and @â€˜@â€˜Tc-MIBI2, 4, or
7 d after irradiation.Mice of anothergroup(n = 6) werenot
irradiated and served as. controls (day 0). X-ray irradiation was
performed using the same method as for the tumor growth study.
Thirty minutes after injection of FDG and @â€œTc-MLBI,tumors
were excised from each of 24 mice, and blood samples were
withdrawn by heart puncture.

ARG After Irradiation
Two days after exposure to 20 Gy of single-dose x-ray irradia

tion, FM3A tumors were prepared for ARG using the same method
as described above. Double-tracer ARG images with @â€œTc-MIBI
and l4(@4@fJwere prepared similarly, and the sections were
processed for hematoxylin-eosin staining and microscopic
evaluation.

Microvessel lmmunohlstochemical Staining and
@Tc-MlBlARG
Microvessels in tumor tissues were identified by staining

endothelial cells with mouse monoclonal antibody against CD34
(Nichirei Co., Tokyo, Japan) (13,18,19). Briefly, 10-pm-thick
sectionsof frozenFM3Atumorsweremountedon poly-L-lysine
coated microscope slides, air dried, fixed in acetone at 4Â°Cfor 10
mm, and processedfor ARG of @â€œTc-MffiIas describedabove.
The same sections were processed for standard avidin-biotinylated
peroxidase complex methods after the incubation with monoclonal
antibody to microvessel CD34. Diaminobenzidine was used as a
chromogen (Vector Laboratories, Burlingame, CA). For negative
controls, sections were prepared without using the primary antibody.

Sections of FM3A tumors were examined for the density of
microvessels and the radioactivity of @â€œTc-MIBI.Initially, 3 areas
of each section were classified according to the microvessel density
in the tumor at low magnification(X20 and X100) as high,
intermediate,orlow.Then,individualmicrovesselsintheclassified
areas were counted on a X400 field (0.09 mm2 per field). Any
brown-stained endothelial cell or cell cluster that was clearly
separate from adjacent microvessels, cancer cells, and other
connective tissue elements was considered a single, countable
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microvessel. Each count was expressed as the number of microves
sels identified within a X400 field and expressed per square
millimeter.

@â€œTc-MIBIARG images were analyzed on a computer. mdi
vidual areas of images corresponding to microvessel density grade
in thesamesectionwerecoveredwithsquareROIs(eachROI was
0.4 X 0.4 mm), and quantitative evaluation was performed as
described above. Then, the regional radioactivity of @â€œTc-MIBI
ARG of the corresponding microvessel density grade at the same
section was plotted. The correlation coefficient of the relationship
between optical density on @â€œTc-MIBIand microvessel density
was computed.

TABLE I
Comparison of Uptake by Tumors

FM3A8.50 Â±1.03*1 .41 Â±0.33MM489.63
Â±1.91*1.18 Â±0.69Ehrlich4.73
Â±1.18*1.75 Â±0.26

*P < 0.001, Fishertest.
Dataareexpressedasmean%lD/gÂ±SDof 14mice30 mmafter

injection.

RESULTS

Effect of Irradiation on Tumor Growth Curve
Figure 1 shows the effect of irradiation on the growth

curve of each tumor. MM48 tumors were the most radioresis

tant; these continued to increase in volume even after 20 Gy
irradiation.

FDG and @mTc-MlBlTumor Uptake Study
Table 1 shows the uptake of FDG and 99@Tc-MIBI30 mm

after injection. Tumor uptake of FDG was higher than that of
99mTc..@fJffl for all types of tumors. A comparison of the
uptake of the 2 tracers showed that uptake was highest for
MM48 tumors (the most rapidly growing and radioresistant
type), lower for FM3A tumors, and lowest for Ehrlich
tumors (a slow-growing and radiosensitive type). Differ
ences in the uptake pattern of FDG among the 3 tumors were
statistically significant (P < 0.001). In contrast, @â€˜@Tc-MIBI
showeda similar accumulationin eachtype of tumor.

Double-Tracer ARG with @Tc-MlBland â€˜@C-DG
Figure 2 shows representative ARG images of @â€œ@Tc

MIBI and @C-DGin the double-tracer study, the correspond
ing histologic tumor sections, and sketches of the photo
micrographs.

Optical Density of Different Tissue Components
Figure 3 shows the results of ARG with 99mTc@MIBIand

@C-DGimages. Table 2 compares the uptake of 2 tracers by
viable cancer cells and connective tissue. The ratio of viable
cancer cells to connective tissue on @Tc-MIBIimages was
significantly higher than on 1â€•C-DGimages for all tumors
(P < 0.05 for FM3A and Ehrlich; P < 0.001 for MM48).
These results suggest that intratumoral accumulation of

@â€œ@Tc-MIBIrepresents the presence of viable cancer cells
more preferentially than does intratumoral accumulation of
â€˜4C-DG.
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FIGURE1. Tumorgrowthcurveaftersingledoseof20 Gyirradiation(Irrad.).Day0 iswhentumorcellswereinoculatedinthighsof
mice. Irradiation was performed on day 6 for MM48tumors, day 8 for FM3Atumors, and day 7 for Ehrlich tumors. Changes in tumor
volumeare plottedon logarithmicscaleagainsttime on linearscale. Eachpoint representsmeanof 8 tumors.Patternof FM3Atumor
growthshowsswellingfor2dafterirradiation(days9and10),followedbyshrinkageuntilday16(8dafterirradiation)andregrowthon
day 17 (9 d after irradiation).Ehrlichtumorsshow radiosensitivity,which regressessoonafter irradiationand becomesunmeasurable
on day 17 (10 d after irradiation).MM48 shows rapid growth, with tumor volume doubling in approximately2.0 d. For FM3A and
Ehrlich,volumedoublingtime was approximately2.5 and 3.8d, respectively,as measuredfromtime of irradiation.
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Uptake Study of FDG and @â€œTc-MlBlAfter Irradiation
At our laboratory, previous time-course studies of the

distribution of FDG uptake in tissues showed that a transient
rise in blood levels 1 mm after injection was followed by a
rapid decrease and, afterward, a persistently low uptake
(20). In a seriesof preliminary experiments,we confirmed
that 99mTcMIBI levels in blood decreased within 5 mm after
injection and remained low and stable. Therefore, we
consideredthe %ID of blood as the backgroundvalue. To
compensate for large differences in the absolute value of
FDG and @â€œTc-MIBI,and to compare the changes in the
uptake pattern after radiotherapy, tumor uptake data were
expressed as the tumor-to-blood ratio (%ID of tumor/%ID of
blood).

In Figure 4, FM3A tumor-to-blood ratios of the 2 tracers
are compared after a single irradiation dose of 20 Gy. The
results suggest that regrowth of FM3A after radiotherapy is
detected as an earlier increase in @Tc-MIBIuptake than in
FDG uptake, in addition to changes in tumor volume.

ARG ofIrradIatedTumors

Figure 5 shows double-tracer ARG of an FM3A tumor
and a histologic section. Differences in uptake pattern were
seen between 99mTcMffiI and â€˜4C-DGin the same section.
An accumulation of HC@DGin areas containing fibroblasts
and macrophages, in addition to areas containing viable
cancer cells, influenced radiotherapy and explains the 14(@yJ

uptake patternin ARG. The densering on the @mTc@MffiI
image consisted of almost all viable cancer cells, and the
low-uptake areas inside the hot areas consisted of both
viable cancer cells and damaged cells with swollen nuclei
and cytoplasm, pyknotic changes such as apoptosis, and
abnormal mitosis becauseof radiotherapy (21). These find
ings suggest that @Tc-MIBIaccumulates in areas of little
irradiationdamagebut not in areasof severedamage.

Correlation Between Microvessel Density and Optical
Density of @Tc-MlBlARG

A total of 32 slides were stained, and microvessel counts
were satisfactory in 24. The other 8 could not be evaluated
because of low stain intensity, high background staining, or
insufficient FM3A tumor tissue for microvessel counting. As
Figure 6 shows, areas of high neovascularization were not
distributed in a specific area of the tumor, although they
were most frequently noted at the tumor periphery. Areas
containing myocytes were excluded, because the optical
density was high (Fig. 2). The mean (Â±SD) microvessel
count was 21.9 Â±11.7 per X400 field (median, 20; range,
4â€”69;n = 72) and the mean optical density was 21.9 Â±15.6
per pixel (median, 18.4; range, 2.1â€”51.8;n = 72). Figure 7
shows a linear and significant correlation between microves
sel density in FM3A tumors and the optical density of

@Tc-MIBIARG in the same sections (r = 0.592; P <
0.0001; n = 72).
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FIGURE2. ARGimagesof@mTc-MlBland14C-DGdistribution,photomicrographofspecimenstainedwithhematoxylin-eosin(H.E.)
used for production of ARG image, and sketch of photomicrograph. In top row, FM3A tumor shows similar uptake pattern for

@â€œTc-MlBland14C-DG.Histologicexaminationshowedviablecancercellsoccupyingalmostthewholetumoranddenseareaonboth
ARG imagescorrespondingto viablecancercells.In middlerow,MM48showshigheruptakeof bothtracersbyviablecancercells
than by degenerating cancer cells and connective tissue. Almost no tracer accumulation is seen in necrotic tissue in both images. In
bottom row, muscle has highest @Tc-MlBluptake, and accumulationin viable and degeneratingcancer cells is slight. 14C-DGis
accumulated largely withincancer cells, whereas muscle and connective tissue show equal tracer accumulation. Each tracer showed
littleuptakebynecrotictissue.@ = viablecancercells;I1@1= degeneratingcancercells;@ = connectivetissue;@ = necrotic
tissue;@ = muscle. Scale bar is 5 mm.
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TABLE 2
Comparison of Optical Density on Background-Corrected

ARGImagesFM3A UmTo.Ml@
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0

S

I

FM3A3.18 Â±1.22k1.79 Â±0.52MM483.62
Â±0.97t1.74 Â±0.11Ehrlich2.87
Â±1.00*1 .75 Â±0.26

140.DG

*P< 0.05.
tP< 0.001.
ValuesaremeanratioofviablecancercellstoconnectivetissueÂ±

SDin6â€”12mice.Studentttestwas usedforFM3Adata,andWelch's
ttest wasusedforMM48andEhrlichdata.

sues (23,24). Furthermore, other studies have shown that the
organotechnetium complex, @â€œTc-MIBI,a lipophilic cat
ionic radiopharmaceutical, is a suitable transport substrate
for P-glycoprotein (5, 7). However, the distribution character
istics of 99mTcMffiI and its ARG findings have not been
reported previously, because @Tcprovides a pure y emis
sion that radiates through a contact ARG film. Recently,
FDG PET has been used not only for the detection of
malignant tumors but also for the assessment of chemothera

FIGURE4. Dynamicchangesin FM3Atumoruptakefor FDG
and @Tc-MlBland tumor volume for 7 d after single dose of 20
Gy x-ray irradiation.Nonirradiatedgroup is representedby data
at day 0. Data are mean and SD of 6 mice. Tumor volume is
plotted as mean value for reference (mean and SD are shown in
Fig. 1). In nonirradiated control tumors, FDG uptake (solid line) is
higherthan @Tc-MlBluptake(brokenline). FDGand @Tc-MlBl
uptakeshowsimilardynamicchangesuntilday4, consistingof
gradualdecreaseon day 2 to 88.0%Â±16.8%and 79.9%Â±
7.1%, respectively,of control level. Thereafter, uptake of both
tracers increases gradually on day 4 to 104% Â±36.4% and
110% Â±46.1%, respectively,of control level. FDG uptake does
not change (104% Â±23.2% of control level) on day 7, whereas

@Tc-MlBIuptake increases progressively on day 7 to twice
control level (199 Â±61.0% of control level) and is also higher
than FDG uptake.
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0 2 4 6 8FIGURE 3. Comparisonof intratumoralcellularuptakeratio
among 3 tumors. Uptakeis expressedrelativeto highestuptake
of @Tc-MlBland 14C-DGin tissue component 30 mm after
injection. @mTc-MlBlshows higher uptake by muscle than by
other components for all tumor models, whereas 1'@C-DGshows
very high uptake by viable cancer cells. Necrotic tissue has
lowest uptake of both tracers for all tumors. @Tc-MlBlshows
similar intratumoral distribution pattern irrespective of tumor
characteristics.
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DISCUSSION

A study has shown that the accumulation of @â€˜@Tc-MJBI
within mitochondria is caused by the electric potentials
generated across mitochondrial membranes (22). Because
malignant tumors maintain a more negative transmembrane
potential, @Tc-MTBIaccumulation increases in these tis
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FIGURE 5. ARG imageswith @Tc-MlBI
(A) and â€˜@C-DG(B), and corresponding
histology of FM3A tumor (C), 2 d after
irradiation.1@C-DGARG showscentral, low
density area of necrosis and 1@C-DGuptake
in viable tissue, with scattered spots and
intense ring in periphery. @â€˜@â€˜Tc-MlBlARG
does not show high density in ring of viable
tissue but shows another ring of high den
sity outside, in middleof viable tissue. Mag
nification(x200) of area indicatedby arrow
showspyknoticchanges(arrowhead)(D)
and presenceof viablecancercells (VC),
necrosis (N), and macrophage layer (M).
Scalebaris 1 mmforAâ€”CandloOpmforD.
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peutic effects, proliferation activities, grade of malignancy,
and prognosis based on the glucose metabolism of a variety
of tumors (25â€”27).As for breastcancer,Adler et al. (28)
reported that FDG uptake correlated with the histologic
grade of malignancy. In tumor cells, deoxyglucose is
similarly phosphorylated by intracellular hexokinase en
zyme but is not further metabolized and trapped in cells as
deoxyglucose-6 phosphate. Therefore, the level of glycoly
sis in the tissue can be measured by the accumulation of
FDG or â€œC-DO.

In this study, we used 3 mouse breast cancer models with
different growth rates and radiosensitivities. In our tumor
uptake study of FDG and @Tc-MIBI,FDG showed a higher
uptake than did @Tc-MffiI,and the difference between the
3 tumors was significant with FDG but not with @Tc-MIBI
(Table 1). Biologic studies have shown that FDG uptake
correlates with the growth rate of cancer cells (29) and is
also a marker of viable tissues, including proliferating and
nonproliferating cancer cells (26,30). However, @â€˜@Tc-MIBI
showed a similar low uptake pattern in all tumor models.
These results suggest that @â€˜Tc-MIBIuptake is increased in
neoplastic tissue but does not reflect the growth rate.

WeperformedARG to investigatethe intratumoraldistri
bution pattern of @Tc-MIBIand â€˜@â€˜C-DGin syngeneic

FIGURE 6. ARG image of @Tc-MlBl(A)
and immunohistochemlcal microvessel stain
ing for CD34 antigenof area indicatedby
arrow (x400) (B). Microvessels are repre
sented by brown cell clusters. Scale bar is 0.5
mmforAand 100pmforB.

mouse models of breast cancer. We then speculated that
FM3A, MM48, and Ehrlich tumors might all be negative for
P-glycoprotein expression, because accumulation of @â€œTc
MIBI was observed on ARG images at 30 mm after
injection. We evaluated these tumors for P-glycoprotein
expression by immunohistochemical staining of C2l9 (Sig
net Laboratories, Inc., Dedham, MA) according to the
method of Lee et al. (31) and confirmed the lack of
P-glycoprotein expression in all these tumors. Our results
showedthatthe99mTcMJ13Jimagehada similardistribution
pattern for tumors with different growth rates (Fig. 3).
However, in comparison with â€œC-DO, @Tc-MIBIshowed
a preferential accumulation within viable cancer cells (Table
2). These results support clinical studies indicating that
99mTcMIBI clearly delineates primary breast cancer within
the breast parenchymaâ€”a favorable characteristic for a
scintimammographic agent. â€œC-DOimages showed high
uptake not only by cancer cells but also by connective tissue
in the tumor,ashasbeenreported(17,20).

In the postirradiation uptake studies (Fig. 4), FDG and
@Tc-MffiIshowed a similar uptake pattern until day 4.

However, a significant change in the uptake pattern of only
@â€˜@â€˜Fc-MIBIwas observed on day 7. The influence of

radiotherapy on FDG uptake in tumors was reported to be
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inflammatory cells; therefore, â€œC-DOuptake may continue
and show almost homogeneous density on ARO, a pattern
different from that of @Tc-MIBI.

It has been proposed that tumor growth depends on
angiogenesisand that the developmentof new capillaries
precedes in vivo proliferation of tumor cells (35). In
addition, several clinical studies have shown that the degree
of angiogenesis, quantified by immunohistochemical stain
ing for CD34, correlates with the incidence of distant
metastases and survival rate (13, 18, 19). Figure 7 showed a
significant correlation between the optical density of @mTc@
MIBI ARO and the density of microvessels in histologic
sections stained for CD34. Our findings suggest that angio
genesis is important for intratumoral accumulation of @Tc
MIBI. These results are consistent with the known character
istics of @Tc-MIBI imaging: that @Tc-MIBIexhibits
flow-dependent distribution in the myocardium as a myocar
dial perfusion agent, and that tumor uptake of @â€œTc-MffiI
reaches a peak soon after injection, suggesting flow depen
dency.Accumulation of @mTc@MIBIin tumorsdependson
several factors related to tumor cells, including a high
number of mitochondria, a high membrane potential, and
expression of the mdr gene (25). In addition to these factors,
we believe that microvessel density is important in determin
ing @mTc@MIBItissue accumulation.

Our results show a close relationship between the optical
density of 99mTcMIBIARG and microvessel density. This
finding suggests that a high @Tc-MIBIuptake reflects a
high density of microvessels; hence, accumulation of @â€œTc
MIBI may be a useful prognostic indicator of the likelihood
of metastasis and survival in breast cancer patients. This
suggestion in turn implies that @Tc-MIBIscintimammogra
phy may be useful for selecting or following up patients who
receive aggressive therapy and for predicting the prognosis
of breast cancer patients.

CONCLUSION

Using 3 mousemodelsof breasttumorshaving different
characteristics,we showeda significantlydifferentpatternof
FDG uptake, whereas @mTc@MIBIuptake was similar and
low for all tumors and did not reflect the tumor growth rate.
In ARG studies, 99mTcMffiI showed a preferential accumu
lation in cancer cells but not in infiltrating fibroblasts and
macrophages, and a similar intratumoral distribution pattern
was seen for all 3 tumor types. Compared with â€œC-DO,
99mTcMffiI preferentially and significantly accumulated in
viable cancer cells for all tumor models. Postirradiation
tumor uptake studies showed tumor regrowth after radio
therapy. This phenomenon was detected as an early increase
in @Tc-MIBIuptake relative to FDG uptake and was
preceded by tumor enlargement. The therapeutic effect of
irradiation might be evaluated by changes in @Tc-MIBI
uptake. @Tc-WBI uptake by tumor tissue on ARG corre
lated with microvessel density, indicating that tumor angio
genesiscontributesto the enhanceduptake of @â€œ@Tc-MIBI.
We have used animal models of tumors in our experiments.
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FIGURE 7. Relationshipbetween microvesseldensityand
optical densityof 99mTc..MIBIimages,by Spearmanrank correla
tion test. Linear, significant correlation is seen.

slower than metabolic damage affecting amino acid and
DNA incorporation and synthesis (32). Tumor growth
dependson the balance between cell production and cell
loss, and tumors with lower cell loss continue to grow for a
couple of days after irradiation and then show a gradual
shrinkage. Thus, tumor volume can be influenced by either
edematousswelling or the collapseof dying tissue.There
fore, the volumetric tumor growth rate does not directly
reflect the tumor growth fraction, especially after therapeutic
intervention (32). In this study, we could not show the
mechanismsof metabolic damageafter irradiation, but we
showed the feasibility of@mTc@MIBIto monitor the effect of
radiotherapy. These results suggest that regrowth of tumors
after radiotherapy can be detected as an earlier increase in
99mTcMIBI uptake than in FDG uptake, preceded by tumor
enlargement. We evaluated the effects of a single high dose
of radiation, and further study with fractionated radiation
simulatingtheclinical settingis warranted.

We found a unique variable distribution pattern between
@Tc-MIBIand â€˜4C-DGARG images of irradiated tumors

(Fig. 5). In pretreatment studies using FM3A tumors, we
previously showed that deoxyglucose accumulates not only
in tumor cells but also in inflammatory cell elements in
associationwith tumor growth or necrosis(17). Our results
showed low @Tc-MmI uptake in areas damaged by
irradiation, in contrast to areas with little or no damage.
Radiation triggers a series of degenerative and cytolytic
changes,finally leading to cell necrosis(21). Furthermore,
99mTcMffiI accumulated in viable cancer cells but not in
areas containing fibroblasts and infiltrating macrophages in

conjunction with the elimination of dead cells from postra
diotherapy necrosis. Although â€˜@â€˜C-DGuptake by viable
cancer cells is significantly high, differentiation of viable
cancer cells might be difficult because â€œC-DOuptake in the
macrophage layer around necrotic areas is equal to that in
viable cancer cells (33). Enhanced glycolysis, which is
characteristicof malignancy, is a signal of macrophage
activation (34). Tumor irradiation is usually associated with
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axillary lymph nodes with [F-1812-deoxy-2 fluoro-D-glucose PET. Radiology.
1993;187:743â€”750.

29. Minn H, Clavo AC, Grenman R, Wall RI. In vitro comparisonof cell
proliferation kinetics and uptake oftritiated fluorodeoxyglucose and L-methionine
in squamous cell carcinoma of the head and neck. J Nuc! MecL 1995:36:252â€”258.

30. Kubota K, Kubota R, Yamada S. FDG accumulation in tumor tissue. J Nuci Med.

1993;34:419â€”421.

31. Lee GY, Croop JM, Anderson E. Multidrug resistance gene expression correlates
with progesterone production in dehydroepiandrosterone-induced polycystic and

equine chorionic gonadotropin-stimulated ovaries of prepubertal rats. Biol

Reprod. l998;58:330â€”337.

32. Kubota K, Iwashita K, Kubota R, et al. Tracer feasibility for monitoring of tumor
radiotherapy: a quadruple tracer study with â€˜tF-FDGor 8F-FdUrd, â€˜@C-Met,
3H-Thdand67Ga.JNuclMed.199l;32:21l8â€”2123.
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recurrence in residual tumors after fractionated radiotherapy: a comparison of
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peritoneal macrophages. Biochem I. l992;282:299â€”303.
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Further studies are warranted to establish the applicability of
our findings to human tumors. We hope our results will be
clinically useful and further enhance @@uTc@WBIscinti
mammography.
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